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SUMMARY

CHOVAN, J. P., E. C. KULAKOWSKI, S. SHEAKOWSKI AND S. W. SCHAFFER. Calcium
regulation by the low-affinity taurine binding sites of cardiac sarcolemma. Mol.
Fharmacol. 17: 295-300 (1980).

Several lines of evidence are presented indicating that taurine binding to the low-affinity
sites of cardiac sarcolemma is responsible for many previously observed, taurine-mediated
pharmacological effects. First, verapamil inhibits taurine binding to the cell membrane in
a dose-dependent manner. Second, verapamil reverses taurine enhancement of Ca2�
binding to the sarcolemma at concentrations at which verapamil itself has no significant
effect on Ca2� binding. Third, maximal reversal of the negative inotropic effect of both
low Ca2� and verapamil perfusion occurs at taurmne concentrations above the apparent
K0.5 of the low-affinity sites. Fourth, hypotaurmne is a potent inhibitor of taurine binding
to the low-affinity sites and exerts taurine-like pharmacological effects. This is contrasted
with two less potent inhibitors of taurmne binding which possess no significant pharma-
cological activity. It is concluded that binding to low-affinity sarcolemmal sites is a
fundamental step in the mechanism underlying the actions of taurine on the heart. The
possibility that low-affinity taurine binding affects the Na�/Ca2� exchange system of the
sarcolemma is discussed.

INTRODUCTION

Taurmne (2-aminoethanesulfonic acid) is an ubiquitous
amino acid making up approximately 50% of the free
amino acid pool in mammalian heart (1). Interest in the
study of taurine in the heart has been stimulated by two
observations: (i) Taurine acts as an antiarrhythmic agent
(2) and (ii) its tissue levels are altered during heart failure
(3,4).

We have previously reported that taurine has a slight,
positive inotropic effect on perfused rat hearts (5), which
we propose is related to its ability to enhance calcium
binding to the sarcolemma (6). In the latter study, taurmne
was also seen to antagonize the inhibitory effects of
verapamil on Ca2� binding to the cell membrane. Since
verapamil is highly lipophilic, its mechanism appears to

involve a direct interaction with the sarcolemma (7).
Taurine has also been shown to interact directly with

both high- and low-affinity binding sites on the sarco-
lemma (8). The high-affinity sites appear to be associated
with the /.?-amino acid transport system since the K0.5 for
binding and the Km of transport are approximately the
same (8, 9). The role of the low-affinity sites, however,
remains unclear. It is known that many of the reported
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actions of taurmne on the heart (2, 5, 6, 10, 11) occur at
concentrations at or above the apparent K0.5 of these low-
affinity sites (12).

Since taurine and verapamil both interact with the
sarcolemma and apparently have antagonistic effects, we
have utilized this interaction to define further the role of
the low-affinity taurine binding sites. The data support
our hypothesis that many of the reported actions of
taurine on the heart are mediated by the interaction of
this amino acid with its low-affinity binding sites.

MATERIALS AND METHODS

Hearts were removed from male Wistar rats (240-280
g) after decapitation and perfused within 45 s with
Krebs-Henseleit buffer supplemented with 5 rni� glucose
and 2.5 U/liter insulin. The perfusate was gassed with a
mixture of 95% 02/5% CO2 to maintain a pH of 7.4.

The standard working heart apparatus employed was
a modified version of that described by Neely et al. (13)
and used in previous studies (5, 14, 15). Cardiac output
was determined by a flowmeter placed above the aortic
cannula, and left ventricular pressure was measured with
a Statham P23Gb pressure transducer by inserting a 22-
gauge needle through the ventricle wall. Pressure work
was calculated according to Neely et al. (13).

Preliminary studies indicated that 0.4 mi�i Ca2� was
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I Unpublished observations.

the maximum perfusate calcium concentration which
produced a nonworking heart. All Ca2� titration studies
were, therefore, begun at this concentration. Calcium
levels were incrementally raised by the addition of CaCl2
to the perfusate in the presence and absence of 10 m1�t

taurine, 3 x 10_8 M verapamil, or both. The hearts were
allowed to stabilize to new steady-state levels of left
ventricular pressure and output before further additions.
This experiment was also performed in the presence of
several taurine analogs.

In the preparation of cardiac sarcolemma, rat hearts
were perfused with normal buffer for 5 mm to remove
blood from the coronary arteries and ventricles. Ventric-
ular sarcolemma was isolated according to Sulakhe et al.
(16). Taurine (8) and calcium (5) binding assays were
performed using the Millipore filtration system described
previously.

Both ‘4C-taurine, shown to be radiochromatographi-
cally pure by thin-layer chromatography, and 45CaC12
were obtained from New England Nuclear. Unlabeled
taurine was obtained from Aldrich Chemical Company
and recrystaffized twice from water prior to use. Vera-
pamil was a gift of Knoll Pharmaceutical Company,
Whippany, New Jersey. Ultrapure Tris was a gift of
Henry Ziegler, Chemzymes, Inc., East Stroudsburg,
Pennsylvania. Wistar rats were purchased from Ace An-
imals, Inc. All other reagents were purchased from Fisher
Scientific Company.

RESULTS

Taurine and verapamil have previously been shown to
exhibit antagonistic effects on Ca2� binding to cardiac
sarcolemma (6). To examine if this antagonism is caused
by direct inhibition of taurmne binding to the low-affinity

sites by verapamil, sarcolemma were incubated with 3.5
mM taurme and varying concentrations of verapamil. As

seen in Fig. 1, verapamil concentrations over the range
of 10’#{176}to 10_6 M cause a progressive decline in taurine
binding to 20% of control. Since taurine binding, but not

9 8 7 6

-LOG [VERAPAMIL]

Fic. 1. Verapamil inhibition oftaurine binding to isolated cardiac

sarcolemma

Ventricular sarcolemma were isolated and assayed for taurine bind-

ing as described in Materials and Methods. Sarcolemma were incubated

with 3.5 mM ‘4C-taurine and varying concentrations of verapamil from

10_b to 10_6 M. Values shown are the means of three assays.

FIG. 2. Double-reciprocal Scatchard plot of calcium binding to

tholated cardiac sarcolemma in the presence of taurine and varying

concentrations of verapamil

Ventricular sarcolemma were isolated and assayed for Ca2� binding

as described in MateriaLs and Methods. Sarcolemma were assayed in

the presence and absence of 3.5 mi�i taurine or with medium containing

3.5 mi�i taurine and verapamil concentrations varying from 5 x 10’#{176}to

io� M. Under all conditions, Ca’� concentrations were varied from 0.04

to 0.8 mM. Values shown are the means of four assays.

Ca2� binding,’ is inhibited by concentrations of verapamil
below 10_8 M, verapamil is a useful tool in examining the
role of the taurmne binding sites. The effect of taurine on
calcium binding in the presence and absence of varying
concentrations of verapamil is shown in Fig. 2. The data
were analyzed using a double-reciprocal Scatchard plot
in which a change in the X axis indicates alterations in
the Ka of Ca2� for its membrane receptors, while a change
in the Y axis reveals a modification in the number of
binding sites (Fig. 2). Consistent with previous data (6),
3.5 iiiM taunne was found to increase the affinity of some
sites for Ca2� without altering the overall number of
binding sites on the membrane. As the concentration of
verapamil was increased from 5 x 10_b to i0� M, there
was an apparent competitive, dose-dependent inhibition
of taurine-enhanced Ca2� binding. Thus, it appears as if
verapamil-mediated reversal of the taurine effect is due
at least in part to its inhibition of taurmne binding to the
low-affinity sites on the sarcolemma.

Competition between taurine and verapamil is also
observed in the isolated, perfused rat heart exposed to
varying concentrations of extracellular calcium. As seen
in Fig. 3, a sigmoidal calcium titration curve was ob-
tamed; the addition of 10 nmi taurine displaced this work
curve to lower values of calcium, indicating that taurine
increases the sensitivity of the heart to extracellular
calcium. In contrast, the calcium concentration required
for half-maximal work output increased from 0.8 to 2.0
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TABLE 1

Specificity of low.affinity taurine binding sites
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oftaurine and verapamil

Perfusion was begun at 0.4 mM Ca24, and hearts were allowed to

stabilize before further addition of CaC12 (see Materials and Methods).

Perfusate Ca24 concentration was progressively increased and the work

output monitored in control hearts or hearts perfused with 10 mi�i

taurine, 3 x iO8 M verapamil, or both 10 mM taurine and 3 x i0� M

verapamil. Values shown are the means of three to seven hearts.

mM in the presence of 3 x 108 M verapamil. The inhibi-
tory effect of verapamil was partially overcome by tau-
rine as noted by the displacement of the half-maximal
work output concentration from 2.0 to 1.25 mr�i Ca2�.
These data are consistent with the studies of Guidotti
and Giotti (17) and reveal that the effects of taurine are
greatest in hearts made hypodynamic by perfusion with
buffer containing either a low calcium concentration or
a cardiodepressant. They are also consistent with the

view that a competition exists between taurine and ver-
apamil at the low-affinity taurine sites.

Another approach employed to examine the role of the

7 6 5 4 3 2 1

- LOG [�ALo�u�J

Fic. 4. Analog inhibition of taurine binding to isolated cardiac

sarcolemma

Ventricular sarcolemma were isolated and assayed for taurine bind-

ing as described in Materials and Methods. Sarcolemma were incubated

with 1.4 mM ‘4C-taurine and varying concentrations of either hypotau-

rine or fl-alanine from i0� to 10_I M. Values shown are the means of

three assays.

Cardiac sarcolemma were isolated and taurine binding was per-

formed as described in Materials and Methods. “C-Taurine (3.5 nmi)

was incubated in the presence and absence of equimolar concentrations

of the listed taurine analogs. Each value presented is the average of

three assays and is expressed as the percentage of control. An asterisk

indicates a significant difference from the control (P < 0.01, using the

paired Student’s t test).

Taurine analog % Taurine binding

Control 100

L-Methlomne 110

L-Vahne 57*

L-Aspartate 107

L-Asparaglne 117

L-Glutamine 122

L-Leucine 62

L-Cysteine 135

f1-Alanine 124

Isethiomc acid 57�

Hypotaurine 0�

Cysteine sulfinic acid 74

low-affinity sites was the use of taurine analogs. If the
actions of taurine are mediated by these sites, then
analogs of taurine with the same electronic and stereo-
chemical configuration would be expected to inhibit tau-
rime binding to the low-affinity protein and also alter

sarcolemmal calcium binding and myocardial contractil-
ity. Conversely, analogs which fail to interact with the
low-affinity sites should not mimic the pharmacological
effects of taurine. Figure 4 shows the results of two
taurine analogs; fl-alarnne, the carboxylic acid analog of
taurine, has no effect on the low-affinity taurine binding
protein even at 10-fold higher concentrations. This mdi-
cates that the nature of the negative group is an impor-
tant factor in determining the strength of the interaction
with the low-affinity binding sites. On the other hand,
hypotaurine, the sulfinic acid analog of taurine, is a
potent inhibitor of taurine binding even at lower concen-
trations (Fig. 4 and Ref. 8).

Table 1 further shows the specificity of these binding
sites. At equimolar concentrations (3.5 mi�i), only L-va-
line, L-leuCrne, and isethionic acid significantly affect
taurine binding. Consistent with Fig. 4, /3-alanine is seen
to have essentially no interaction with the taurine sites,
while equimolar hypotaurine completely inhibited tau-

rime binding.
If taurine mediates its action through the low-affinity

sites, based on its inhibition data one would expect that

hypotaurine would mimic the actions of taurine, while
fl-alanine and isethionic acid should exhibit little or no
taurine-like activity. This was confirmed, as shown in
Figs. 5 and 6. Figure 5 depicts the results of Ca2� titration
studies in the presence and absence of 10 m�i taurine or
an equal concentration of one of its analogs. f.1-Alanine is
seen to have a slight, but insignificant effect on cardiac
work over the Ca2� concentration range studied, while
isethionic acid appears to have no observable activity. In
accord with its effect on low-affinity taurine binding,
hypotaurine stimulates cardiac work to the same degree
as taurine over the Ca2� concentration range studied.
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FIG. 6. Calcium binding to isolated cardiac sarcolemma in the presence of taurine analogs

Ventricular sarcolemma were isolated and assayed for Ca2� binding as described in Materials and Methods. The membrane was incubated in

a medium containing 100 mist KC1, 5 m�i NaCl, 10 mi�t MgCl2, 20 miii Tris-maleate, and varying �CaC12 concentrations from 3.0 to 500 �. When

present, taurine or one of its analogs was at the concentration stated in the figure. ISA is isethionic acid. (A) Binding profile. (B) Scatchard

analysis of the data in A. Isethionic acid, $-alanine, and 10 miii hypotaurine are omitted for clarity. Values shown are the means ± SEM of four
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assays.

CALCIUM (M�)

FIG. 5. Calcium titration studies on perfused heart in the presence

of taurine analogs

Perfusion was carried out as described for Fig. 3. The concentration

of taurine or its analogs used was 10 ms. Values shown are the means

of three to seven hearts.

The hypothesis is also supported by sarcolenunal cal-
cium binding studies. Figure 6A shows the binding pro-
files for Ca2� to sarcolemma which was incubated in a
medium containing either taurine or one of its analogs.

In the presence of 0.5 m� hypotaurine, Ca2� binding is
significantly enhanced (Fig. 6A), while neither 10 mI�i ,6-
alanine nor 10 mM isethiomc acid had any effect. Con-
sistent with its higher affinity for the low-affinity sites

(Fig. 4), hypotaurine potentiation of Ca2� binding occurs
at a lower concentration than the level oftaurine required

to mediate similar effects; 1.0 miii taurine has a minimal
effect on both Ca2� binding and myocardial contraction.’
Moreover, the effects of 0.5 mi�i hypotaurmne and 3.5 m�i
taurine, the apparent IC� and K0.5 for taurmne binding,
respectively, are comparable. Likewise, complete satu-
ration of these sites, which occurs at a concentration of
10 mM, yields a maximal response regardless of which
analog is employed.

Scatehard analysis of the Ca2� binding isotherms has

been interpreted as showing the existence of at least two
classes of Ca2� binding sites (6). Hypotaurine (0.5 mM)
was found to affect primarily the low-affinity sites,
whereas 10 mM taurme or 10 mM hypotaurine potentiated
Ca2� binding to both classes of sites (Fig. 6B). Thus, the
effects of taurine and hypotaurine on Ca2� binding are
specific, saturable, and dose dependent, as would be
expected if their actions were mediated through a binding
protein.

DISCUSSION

It is becoming increasingly apparent that taurine reg-
ulates Ca2� homeostasis in the heart. Evidence presented
here supports this view. Taurine was found to exhibit a
positive inotropic effect on perfused rat hearts made
hypodynamic by either a reduction in extracellular cal-
cium or treatment with the cardiodepressant verapamil.
Our data are consistent with similar studies performed
with guinea pig heart (11), but are at variance with the
rat heart studies of Dietrich and Diacono (10), in which
taurine potentiation of the negative inotropic effect of
reduced extracellular calcium was reported. However,

further agreement with our results comes from the ob-
servation that taurine delays the loss of myocardial Ca2�
and contractile force during 1ow-Ca2� perfusion in both
the rat and guinea pig (17, 18).

Recently, taurine administration has also been linked
to reductions in tissue Ca2� levels. McBroom and Welty
(19) found that taurine prevents the 12-fold increase in
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intracellular calcium content which occurs in congenital
cardiomyopathic hamsters, while we reported that tau-
rine protects the heart against Ca2� overload which oc-
curs after a specific period of calcium-free perfusion (20).

Correlated with the positive inotropic effect of taurine
is the observation that taurine stimulates calcium binding

to isolated heart sarcolemma (6). Moreover, a relation-
ship exists between the prevention of calcium overload
and a reduction in excessive calcium binding to the
sarcolemma (20). These data suggest that the effects of
taurine result in part from its actions on the cell mem-
brane.

Sarcolemma isolated from rat and swine heart have
been shown to contain two taurine binding proteins (8,
12). Both ofthe proteins from pig heart are characterized
by sigmoidal binding isotherms, while only the low-affin-
ity protein has this pattern in the rat. Each binding
component also exhibits an affinity for concanavalin A,
suggesting that they are glycoproteins. This indicates

that both factors are located on the extracellular surface
of the sarcolemma, although they may also be transmem-
brane proteins. In fact, the high-affinity protein most
likely spans the membrane, since it appears to be asso-
ciated with the /3-amino acid uptake system (8, 9).

In this study several lines of evidence have been pro-
vided implicating the low-affinity taurine binding sites of
cardiac sarcolemma in the actions of taurine. First, the
taurine-mediated pharmacological effects are observed
at or above the apparent K0.5 of taurine binding to these
sites. Second, there is a correlation between the concen-
tration of taurine required to saturate the binding sites
and the concentration necessary to maximize its dose-

dependent effects. Third, the taurine analog hypotaurine
interacts with the low-affinity sites and mimics the phar-
macological effects of taurine on sarcolemmal calcium
binding and contractility. Conversely, 1&-alanine and ise-
thionate have a greatly reduced affinity for the low-
affinity sites and fail to mediate these taurine-like phar-
macological effects. Finally, reversal by verapamil of the
taurine-mediated changes in both contraction and Ca2�
binding seems to result in part from inhibition of taurine
binding to the low-affinity sites. Since there are about
four times as many low-affinity taurine binding sites as
high-affinity sites on rat heart sarcolemma (8), the failure
of verapamil to decrease taurine binding more than 80%
(Fig. 1) suggests that verapamil preferentially inhibits
low-affinity taurine binding.

The mechanism by which taurine interaction with the
low-affinity sites causes changes in calcium binding to
the sarcolemma remains unclear. Previous attempts to
demonstrate taurine-induced conformational changes in
the membrane failed (6). However, the use of verapamil
afforded us a new means to probe the actions of taurine.
Verapamil was found by ESR to have no effect on the
rotational correlation coefficient of the spin label 2N14,
but did appear to increase spin-spin interactions. One
interpretation of these results is that verapamil alters the
aggregation state of the label, indicating that it changes
membrane fluidity. Since this effect was absent in the
presence of taurine, the amino acid appears to reverse

the verapamil-induced membrane changes.

Another interpretation of the data is the existence of
a competitive interaction between taurine and verapamil
for a particular component of the sarcolemma. This is
strongly suggested by the observed effects of low vera-
pamil concentrations on taurine-enhanced Ca2� binding
(Fig. 2). In both retinal synaptosomes and rod outer
segments, taurine appears to inhibit Ca2� accumulation
by interacting with a Na�/Ca2� exchange system (21).
Recently, Langer et al. (22) have proposed that verapamil
interacts with a similar system on the cardiac sarco-
lemma. They have further suggested that this system is

responsible for providing the necessary Ca2� required for
maximal contraction. If taurmne likewise affects this ex-
change in the heart, this would account for all of the
observed pharmacological effects of taurine, as well as
the apparent competition between taurine and verapa-
mil. Studies are presently underway to isolate and fully

characterize both taurine binding components and to
determine their relationship to the Na�/Ca2� exchange
system.
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